Background In previous studies, female monkeys selfadministered more oral phencyclidine (PCP) than males, and PCP intake differed by phase of menstrual cycle. Objectives The purpose of this study was to examine sex and hormonal influences on oral cocaine self-administration in male and female rhesus monkeys in the follicular vs. luteal phases of the menstrual cycle, with concurrent access to an alternative nondrug reward, saccharin (SACC) vs. water. Materials and methods Concurrent access to cocaine (0.2, 0.4, and 0.8 mg/ml) and SACC or water was available from two drinking spouts under concurrent fixed-ratio (FR) 2, 4, and 8 schedules during daily 3-h sessions. Results Cocaine deliveries were similar in males and females in the females' luteal phase, but cocaine deliveries were higher in females during the follicular phase than the luteal phase and compared to males. When SACC was available, cocaine deliveries were reduced in females in the follicular phase of the cycle, and cocaine intake (mg/kg) was reduced in males and in females' follicular and luteal phases. Conclusions Access to concurrent SACC (vs. water) reduced cocaine intake (mg/kg) in males and in females during both menstrual phases, and the magnitude of the reduction in cocaine intake was greatest during the females' follicular phase. Thus, a nondrug alternative reward, SACC, is a viable alternative treatment for reducing cocaine's rewarding effects on male and female monkeys, and reductions in cocaine seeking were optimal in the females' luteal phase.
Introduction
Addiction to cocaine and other illegal drugs has an estimated cost to society of over 180 billion dollars per year (Surgeon General's Report, 2004) . Cocaine use is more prevalent in men than women (SAMHSA 2013) , but women progress more rapidly than men to cocaine and other substance abuse disorders (Cotto et al. 2010) . Women are less successful in treatment than men, due to relapse and lower retention rates (e.g., Hyman et al. 2008) . The purpose of the present study was to examine the effect of sex and female hormonal cycles on oral cocaine self-administration in rhesus monkeys and the effect of treatment with concurrent access to a nondrug alternative reward, saccharin (SACC). Methods developed by Meisch (Meisch et al. 1990; Meisch and Stewart 1995) were used to train oral cocaine self-administration in rhesus monkeys. While this is not the route of administration used in humans, it involved similar features as smoked or insufflated cocaine, such as absorption in the oral and nasal mucosa. As the oral method offers an opportunity for chronic drug selfadministration, it was used in the present study to examine menstrual cycle effects while observing other behavioral economic factors such as availability of a nondrug alternative reward as well as drug concentration and fixed-ratio (FR) variations to determine the effects of response cost.
In human laboratory studies, sex and hormonal differences were found in the subjective effects of cocaine, especially in those who smoke cocaine (Evans and Foltin 2006; Evans et al. 2002; Sofuoglu et al. 1999) vs. those who use intranasal cocaine (Collins et al. 2007; Lukas et al. 1996) . Subjective effects of smoked cocaine were reported to be similar in men and women in the follicular phase of the menstrual cycle when estrogen is peaking (Evans and Foltin 2010 ), compared to the luteal phase when progesterone (PRO) rises and falls. In other studies, exogenous PRO administration attenuated the effects of smoked cocaine in women but not in men (Evans and Foltin 2006) and decreased the ratings of "high" for iv cocaine in men and women in the follicular but not the luteal phase (Sofuoglu et al. 2004) . Sofuoglu et al. (2002) found that PRO given early in the follicular phase in women attenuated some of the subjective effects of cocaine. Thus, using nonhuman primates to study menstrual cycle effects and long-term treatments is a productive approach because hormonal cycles are similar in monkeys and humans (28 days).
Animal models provide valuable information on vulnerability to drug abuse with respect to hormonal status during the application of pharmacological and behavioral treatments (e.g., Mello et al. 2007 Mello et al. , 2011 . Rodent studies confirm a role for ovarian hormones in these sex differences, with estrogen increasing and PRO decreasing drugseeking and drug-taking behavior (Anker and Carroll 2011; Becker and Hu 2008; Becker et al. 2012 , Jackson et al. 2006 , Kippen et al. 2005 , Roberts et al. 1989 . However, fewer studies on sex differences have been conducted with nonhuman primates (vs. rats). Initial results in female cynomologous monkeys indicated higher rates of cocaine self-administration under a progressive ratio (PR) schedule than males, but there was no effect of menstrual cycle phase (Mello et al. 2007) . A subsequent study in rhesus monkeys (Mello et al. 2008 ) revealed that exogenously administered estradiol failed to alter cocaine selfadministration in female gonadally intact or ovariectomized rhesus monkeys, and a later study indicated that PRO reduced iv self-administration of a low dose of cocaine in intact or ovariectomized rhesus monkeys (Mello et al. 2011) . In a recent study of iv cocaine selfadministration comparing endogenous hormone levels in rhesus monkeys using a progressive ratio (PR) schedule, Cooper et al. (2013) reported that cocaine selfadministration at doses ranging from 0.0125 to 0.05 mg/kg did not vary across five stages of the menstrual cycle. While there is not a clear pattern in the influence of hormonal factors in cocaine's effects in nonhuman primates, initial results suggest a role for PRO in reducing stimulant abuse and the potential of PRO as a medication for treatment of cocaine addiction in humans. These initial studies highlight the importance of examining potential treatment effects in both sexes and during females' hormonal cycle phases. Initial results with cocaine self-administration studies with monkeys suggest that sex and hormonal differences in cocaine's effects are behaviorally based, as pharmacokinetic differences have not been reported (Evans and Foltin 2010; Lukas et al., 1996; Mendelson et al. 1999) .
In the present study, a nondrug alternative reward, saccharin (SACC) that reduces drug intake in male and female rhesus monkeys (Carroll et al., 2009b) , was used to reduce drug intake in male and female monkeys. Intake of cocaine (and SACC or water) was compared during phases of the menstrual cycle; mid-follicular (when estrogen peaks) and late luteal (when PRO has peaked and started to decline) as changes in phencyclidine (PCP) self-administration in rhesus monkeys has been reported in these phases . It has been well-established that SACC and other nondrug rewards reduce drug-taking in rats (see reviews by Bardo et al. 2001 and Carroll et al. 2001) , rhesus monkeys (Cosgrove and Carroll 2003) , and humans (Carroll et al. 2001; Solinas et al. 2010) , but sex differences and hormonal influences on the use of nondrug rewards to reduce drug self-administration have not been examined. Initial data suggest that a sweet substance, SACC, is more protective against cocaine self-administration in female than in male rats (Cason and Grigson 2013) , and SACC previously reduced oral PCP self-administration more in female than male rhesus monkeys in the acquisition (Carroll et al. 2005 ) and maintenance (Cosgrove and Carroll 2003) phases of self-administration. Thus, SACC was used in the present study as a prototype nondrug alternative reward for reducing stimulant drug intake with the goal of applying this treatment to behavioral interventions in treatment of human stimulant abusers (e.g., Higgins et al. 2003 Higgins et al. , 2008 .
Another goal of the present study was to compare the combined effect of SACC, and hormonal conditions when PRO (luteal phase) is elevated, to reduce cocaine intake compared to SACC or the luteal phase alone. Progesterone and testosterone have reduced cocaine self-administration in female rhesus monkeys, but the effects in males are unknown (Mello et al. 2011) . Previous research shows that the effectiveness of SACC or other nondrug rewards (e.g., exercise) in reducing cocaine and other drug self-administration has been enhanced by adding hormonal or medication treatments such as PRO or atomoxetine to produce additive reductions in drug seeking. Examining combined treatments with animal models has had important implications for humans, and parallels in the clinical literature provide consistent results (Stoops and Rush, 2014) . Thus, in the present study we compared cocaine intake during the luteal phase when serum PRO peaks in rhesus monkeys to the follicular phase when estrogen peaks (Cooper et al. 2013 ), and we compared cocaine intake during the luteal and follicular phases. Recently it was shown that physical exercise reduced methamphetamine use in humans undergoing a residential treatment program (Rawson et al. 2015) . Others have shown that nondrug alternative rewards reduce drug seeking in animals (Foltin et al. 2015) and humans (Foltin et al. 2015; Higgins et al. 2008) . Instead of SACC, a more healthy alternative, such as physical exercise, would be a desirable intervention to use with monkeys, but it is difficult to implement with the limitations of existing primate laboratory conditions. Thus, SACC was used in the present study as a prototype alternative nondrug reward that could be extended for treatment in humans with more healthy alternative rewards (e.g., Higgins et al. 2003 Higgins et al. , 2008 .
Finally, the present study was designed to examine the effect of response cost (responses/mg of drug self-administered) of cocaine and the nondrug alternative, SACC (vs. water), by independently varying the FR from 2 to 4 to 8 responses per delivery and the drug concentration from 0.2 to 0.4 to 0.8 mg/ml. Recent research with rhesus monkeys showed a greater effect of a nondrug alternative reward with higher response cost for the drug with monkeys (Foltin et al. 2015) and humans (Evans and Foltin 2010) . A behavioral economic analysis of demand for drug was compared across five unit prices (responses/mg) for males vs. females in their follicular vs. luteal phase of the menstrual cycle; previous work revealed that medication and behavioral-based treatments for cigarette smoking varied depending on whether women initiated quitting in the follicular (Franklin et al. 2008) vs. luteal (Allen et al. 2008; Carpenter et al. 2008; Mazure et al. 2011) phase. The present study was designed to last from several months to years to examine chronic access to cocaine, a self-sustaining nondrug alternative reward (SACC), and the effect of repeated menstrual cycles with high (luteal) vs. low (follicular) PRO. It was hypothesized that the effects of SACC would add to those of the luteal phase to produce a maximum reduction in cocaine intake in females. This approach would have relevance for long-term treatment of human drug abuse and demonstrate that nondrug alternative reinforcement is self-sustaining over the long term. The oral cocaine self-administration methodology used (see Meisch et al., (1990) ) has yielded long-term, stable selfadministration that allows chronic drug access (7 days/week over months) to study factors that modify that behavior. As a means of further emulating human drug-taking culture, monkeys were housed in long-standing social groups with minimal procedures involving human laboratory or veterinary staff.
Material and methods

Animals
Eleven adult male and nine adult female rhesus monkeys were used in this study. Initially, two other females were started on the study, but they were discontinued because one developed endometriosis and was treated with Depoprovera, and the other was amenorrheic. All of the monkeys in this study had a history of phencyclidine (PCP) self-administration (Carroll et al., 2009b; . The monkeys were maintained at 85-90 % of their freefeeding body weight, and their reduced weights ranged from 9.1 to 12.7 kg (mean = 11.2) in males and 6.5 to 8.6 kg (mean = 7.5) in females. Prior to introduction of the oral cocaine solution, the monkeys had exposure to PCP (0.25 mg/ml) and ethanol (8 % wt/vol) in previous studies (Carroll et al. 2009b . Water was always available during the daily 3-h drug access sessions, and intersession periods. Male and female monkeys were used in all conditions, and females' menstrual cycles were of similar length and were often synchronized. Each monkey was housed individually in visual, auditory, and social contact with monkeys in neighboring cages. There were 10 monkeys in each of two rooms that contained males and females in each room containing well-established groups of males and females. Temperature (23°C) and humidity were controlled, and the lights were on from 0600 to 1800 h. Enrichment objects such as foraging devices, primate toys, movies, fruit, and vegetables were available during the intersession period. The experiment was conducted in accordance with the Principles of Laboratory Animal Care (National Research Council 2011) and approved by the University of Minnesota Institutional Care and Use Committee. Laboratory facilities were accredited by the American Association for the Assessment and Accreditation of Laboratory Animal Care.
Apparatus
Monkeys were housed individually in 4-plex quad-units with two upper and two lower attached cages (Lab Products, Maywood, NJ, USA). Each animal's cage had an operant conditioning response panel mounted to the inside of one side wall of the cage that had holes allowing a removable panel equipped with drinking spouts and stimulus lights affixed to the panel through punched holes in the side walls. This allowed the monkeys to access the response apparatus, a view of the stimulus conditions, and easy removal of the panel for cage washing. Access to drug and water was computercontrolled 7 days per week. Two brass drinking spouts were mounted approximately 45 cm apart on a clear Plexiglas plate with two small white lights mounted behind them to indicate water or SACC availability, and two small green lights behind the plate signaled cocaine access. Above each spout, a single larger green light was steadily illuminated when water or SACC was available, and this light flashed when cocaine was available at the spout and was solid-on to indicate water. The operant response panels were controlled, and data were recorded by Med-PC software (Med-PC for Windows), and interfaces (Med Associates, St. Albans, VT, USA) and PCcompatible computers located in an adjacent room controlled the experiment.
Procedure
The experimental design consisted of three phases: (1) training cocaine self-administration, (2) cocaine vs. water self-administration, and (3) cocaine vs. SACC self-administration Training cocaine self-administration. Each day, from 8 to 10 am, there was a time-out period when no food or liquids were available, and data from the previous intersession period (1 pm-8 am) were collected. From 10 am to 12 pm, the monkeys had concurrent access to cocaine and water (or SACC) and FRs for liquid deliveries were varied according to the experimental procedure. Another time-out period was scheduled between 12 pm and 1 pm when no food or liquids were available. Finally, from 2 pm to 8 am the next day, there was an intersession period when water was available from both spouts under an FR 1 schedule. The fading procedure used to obtain cocaine self-administration is described in Table 1 . Initially, water and PCP (0.25 mg/ml) were concurrently available, (Carroll et al. 2009b , and monkeys were then stabilized at a PCP concentration of 0.25 mg/ml with water available from a second electronic spout under concurrent fixed-ratio (FR) 16 schedules (see Carroll et al. (2009b) ; (2013)). Next, the PCP concentration was reduced, while increasing concentrations of ethanol ( E T O H ) w e r e a d d e d t o t h e P C P ( Ta b l e 1 ) . Subsequently, a procedure modified from Meisch et al. (1990) was used whereby ethanol was faded out by decreasing concentrations, and cocaine was faded in with increasing concentrations in the ethanol-cocaine mixture (see Table 1 ). When stable behavior was obtained, the cocaine concentration was changed to 0.4 mg/ml and the FR 4 to begin the study. This FR and cocaine concentration yielded cocaine intakes (mg/kg) similar to those self-administered by humans (Hatsukami et al. 1994 ) and monkeys smoking cocaine base (Carroll et al. 1990 ). The stability criterion, 5 days of no increasing or decreasing trend, was based on previous studies of smoked cocaine (Carroll et al. 1990 ) and oral PCP self-administration in monkeys (Carroll et al. 2009b ). Cocaine vs. water self-administration. Behavior was allowed to stabilize with cocaine and water concurrently available from the two drinking spouts during daily 3-h sessions and compared with three FRs (2, 4, and 8) and three cocaine concentrations (0.2, 0.4, and 0.8 mg/ml). Next, each FR and cocaine concentration was held constant until 4 days of stable behavior were obtained during the mid-follicular and late luteal phases of the menstrual cycle.. The FR values and cocaine concentrations were based on previous work by Meisch and Stewart (1995) . However, due to changes in feeding guidelines over the last 10 years, the FRs achieved in the present study were not as high as Meisch and Stewart (1995) . Males were maintained under the same experimental conditions for the same period of time as the females, and their data were collected at times of the month that corresponded with the females' menstrual cycle days that were used (days 7-10 and 24-27). Cocaine vs. SACC self-administration. During the third phase of the experiment, cocaine continued to be available, under the same concentration and FR parameters, but SACC (0.3 % wt/vol) replaced water during the 3-h sessions, while cocaine concentrations and FRs were again varied as when concurrent water was available. The monkeys all had previous experience with PCP and SACC in earlier studies (Carroll et al. 2009b ; however, cocaine was novel. Instead of counterbalancing the order of concurrent SACC and water, water was tested first and then SACC, as previous studies indicated that monkeys show a short-term reduction in drug selfadministration after SACC access has terminated . This phase began with 0.4 mg/ml cocaine and SACC (0.3 % wt/vol), each concurrently available under FR 4 schedules, and the FR for both was then changed in a nonsystematic order to FRs 2, 4, and 8 while different cocaine concentrations were tested. Changes took place after data were obtained under both the follicular and luteal phases for females and at comparable times in males. Each monkey was tested with both the concurrent water and SACC conditions, with water always available (FR 1) from both spouts during the intersession period.
Menstrual cycle phase determination The methods used to determine cycle phase were similar to those previously reported (Newman et al. 2006; Mello et al. 2007 ). Monkeys were observed daily for bleeding, and vaginal swabbing was performed 1 h before the daily sessions to confirm visual observation of menses onset and stage of menstrual cycle by cytology (see Table 2 ). Data for the mid-follicular phase were taken on days 7-10 post menses, and the late luteal phase on days 24-27 post menses, based on rationale and results obtained in our previous study with oral PCP intake during menstrual cycle phases in female rhesus monkeys (Newman et al. 2006) .
To verify the menstrual phase, cytology of the vaginal epithelium was classified by the method of Mauro et al. (1970) . Menses was defined as predominance of parabasal and anucleated/cornified cell types. The follicular phase was defined by superficial, intermediate, and anucleated/cornified cell types, and the luteal phase was indicated by the presence of parabasal, superficial, and intermediate and anucleated/ cornified epithelial cells. We did not take blood samples to analyze estradiol, leutinizing hormone, and PRO as the monkeys' behavioral testing occurred 7 days per week, and blood draws involving food and water restriction for anesthesia, and subsequent substitution of water for cocaine for 1-2 days, would have caused disruptions in behavior for the next day or two. Menstrual cycles ranged from 27 to 29 days across animals, but cycle length was typically the same number of days within each female and for most monkeys, 28 days. Monkeys' cycles became synchronized with other females in the room. Cytology data were classified by research assistants blinded to the menstrual cycle phases and experimental conditions. While samples were obtained almost every day, slides were viewed for verification of the menstrual phase only during days 7-10 (follicular) and 24-27 (luteal) post menses. Number of samples obtained per monkey ranged from 24 to 43. Table 2 indicates that under these conditions, the histological data matched the phase that was counted from onset of menses.
Drugs
Cocaine HCl was obtained from the National Institute on Drug Abuse (Research Triangle Institute, Research Triangle Park, NC). The cocaine solutions were prepared with tap water, stored in a locked refrigerator, and delivered to the monkeys at 0.6 ml/delivery at room temperature. Cocaine intake (mg/kg) was calculated by the amount of drug (mg) delivered per session, divided by the monkey's most recent body weight (kg). Monkeys were weighed twice monthly.
Data analysis
The initial design of this study was to compare the selfadministration measures (liquid deliveries, or mg/kg intake) across cocaine concentration, FR size, concurrent liquid (water or SACC), and sex/hormonal conditions (male, female follicular, female luteal). However, there were no significant differences or interactions with the FR variable; thus, data were collapsed across the three FRs (2, 4, and 8) at each of the other conditions. Dependent measures such as cocaine, water, and SACC deliveries (Fig. 1) ; milligrams per kilogram cocaine intake (Fig. 2) ; and cocaine deliveries as a function of unit price (responses/mg) (Fig. 3) were analyzed across the independent variables, cocaine concentration, concurrent liquid (water vs. SACC), and sex/hormonal conditions in a threefactor, mixed ANOVA with sex as the between subjects' factor and hormonal status, cocaine concentration, and environmental enrichment (water vs. SACC) as the within-subjects conditions. The data in Fig. 3 was the unit price of cocaine (responses/mg), which calculated responses emitted per session d i v i d e d b y m i l l i g r a m i n t a k e ( i n t a k e v o l u m e (ml) × concentration in (mg/ml) × liquid delivery amount, 0.6 ml). Post hoc comparisons were made using NewmanKeuls, and results were considered significant if p < 0.05. Statistical analyses were based on GB Stat (Dynamic Microsystems, Inc., Silver Spring, MN, USA).
Results
Cocaine vs. water, cocaine vs. SACC deliveries Initial analyses indicated no significant effects for FR value; thus, the data for each animal were averaged over the three FR values (FR 2, FR 4, FR 8). Liquid deliveries were compared on sex and menstrual cycle phase (follicular vs. luteal), concurrent water vs. SACC conditions, and the three cocaine concentrations (0.2, 0.4, and 0.8 mg/ml). Figure 1a , b shows cocaine deliveries when water (a) or SACC (b) was concurrently available with three cocaine concentrations (0.2, 0.4, or 0.8 mg/ml) in males and in females during the luteal and follicular phases. There was a main effect of cocaine vs. water deliveries, and cocaine deliveries were significantly higher when water was concurrently available (Fig. 1a) compared to when SACC was concurrently available (Fig. 1b) (F 1173 = 30 .02, p < 0.0001). There was also a significant main effect of sex and the menstrual cycle phase during the follicular phase (F 2173 = 4.0984, p < 0.05) and a significant interaction with concurrent liquid (water vs. SACC) and sex/menstrual cycle phase (F 2173 = 5.8881, p < 0.005), indicating that SACC reduced cocaine deliveries in the follicular phase, but not in the luteal phase in females and not in males. Post hoc analyses revealed that cocaine deliveries were significantly higher when water (vs. SACC) was available during the follicular phase in females at the 0.2 (p < 0.01), 0.4 (p < 0.01), and 0.8 (p < 0.05) mg/ml cocaine concentration. A comparison of liquid deliveries at the three cocaine concentrations revealed a significant main effect of cocaine concentration (mg/ml) (F 2173 = 8.6954, p < 0.0005), and post hoc analyses revealed that increasing the cocaine concentration as shown in Fig. 1a, A B C D Fig. 1 Mean (±SEM) cocaine (a, b), water (c), and SACC (d) deliveries are presented for male monkeys and female monkeys in the follicular and luteal phases of the menstrual cycle when they had concurrent access to cocaine and water (a, c) or cocaine and SACC (b, d). Data are presented for three cocaine concentrations: 0.2 (white bars), 0.4 (striped bars), and 0.8 mg/ml (black bars). Each point represents a mean of 9 (female) or 11 (male) monkeys, and data for each monkey consisted of a mean of four consecutive daily sessions during the mid-follicular (days 7-10) phase or the late luteal phase (days 24-27) of the menstrual cycle (day 1 = onset of menses). Data for males were collected at similar times. Significant differences between cocaine deliveries with concurrent water (a) vs. concurrent SACC (b) are indicated by * = p < 0.05, ** = p < 0.01 across a and b, and in a vs. c. ** = significant differences (p < 0.01) in water intake across males, and females in the luteal vs. follicular phases. Significant differences in concurrent SACC deliveries with cocaine vs. water are indicated by o = p < 0.05, and oo = p < 0.01 across b and d Fig. 2 Mean (±SEM) cocaine intake (mg/kg) is presented for female monkeys in the follicular and luteal phases of their menstrual cycle and male monkeys when they had concurrent access to cocaine and water (a) or cocaine and SACC (b). Data correspond to the liquid delivery data shown in Fig. 1a , b and are presented for three cocaine concentrations: 0.2 mg/ml (white bars), 0.4 mg/ml (light gray bars), and 0.8 mg/ml (black bars). Each point represents a mean of 9 (female) or 11 (male) monkeys, and data for each monkey consisted of a mean of four consecutive sessions/days during the mid-follicular (days 7-10) phase or the late luteal phase (days 24-27) of the menstrual cycle (day 1 = onset of menses). Significant differences between cocaine intake (mg/kg) when water (a) or SACC (b) was concurrently available are indicated by ## = water > SACC (a vs. b) p < 0.01; # = p < 0.05. Differences in cocaine intake between concentrations (mg/ml) are indicated by * = p < 0.05, ** = p < 0.01 above the lines connecting the concentrations within a or b b, under all sex/menstrual phase conditions except in males in Fig. 1a .
A B
In Fig. 1c, d , there was a significant main effect of the water (Fig. 1c) vs. SACC (Fig. 1d ) deliveries that were concurrently available with cocaine (F = 1173 = 9.3117, p < 0.0005). SACC deliveries (d) were significantly higher than water (c) deliveries (p < 0.01). There were no interactions with sex/menstrual phase or cocaine concentration on these measures. Also, when water deliveries (Fig. 1c) were compared to cocaine deliveries (Fig. 1a) , cocaine deliveries were significantly higher than the concurrent water deliveries (F 1173 = 30.0218, p < 0.0001), indicating that cocaine was functioning as a reinforcer. When SACC deliveries (Fig. 1d) were compared to concurrently available cocaine deliveries (Fig. 1b) , a significant main effect showed that SACC deliveries exceeded cocaine deliveries (F 1173 = 52.3529, p < 0.0001). These results suggested that SACC functioned as a competing reward for cocaine, and at these concentrations, SACC deliveries exceeded cocaine deliveries. There was no significant effect of cocaine concentration on water (Fig. 1c) or SACC (Fig. 1d) deliveries, nor was there a significant group effect indicating differences between males and females in either menstrual phase. However, females in both the luteal and follicular phases showed significantly higher intake of water than males (F 2173 = 9.3117, p < 0.0002) in Fig. 1c .
Cocaine vs. water and cocaine vs. SACC intake (mg/kg) Figure 2 expresses the amount of cocaine intake by males and females based on their body weight (mg/kg), since males weigh nearly 50 % more than females. Cocaine intake (mg/ kg) was compared across cocaine concentrations to determine the effect of alternative reinforcement with SACC (vs. water). Results of the ANOVA indicated that cocaine intake (mg/kg) was significantly higher overall with concurrent water (Fig. 2 a) than with concurrent SACC (Fig. 2 b) (F 1173 = 43.4012, p < 0.0001). There was also a significant sex/menstrual phase effect (F 2173 = 13.7271, p < 0.0001) with significant interactions of cocaine concentration and concurrent liquid (water vs. SACC) (F 2173 = 7.6754, p < 0.001), and sex and menstrual phase × concurrent liquid, (F 2173 = 6.1818, p < 0.005). In addition, there was a significant main effect of cocaine concentration in both the concurrent water ( Fig. 2a) vs. SACC (Fig. 2b) conditions (F 2173 = 23.9828, p < 0.001) with cocaine intake (mg/kg) generally increasing with cocaine concentration. Cocaine intake (mg/kg) was reduced by concurrent SACC at the high cocaine concentrations and when intake was elevated during the follicular vs. luteal phase in females or in males. Thus, the effects of SACC are rate dependent; higher cocaine intake in females during the follicular phase was more prone to reduction by concurrent SACC than lower cocaine intake in females in the luteal phase or males. Overall, these results indicate that treatment with a nondrug alternative reinforcer, SACC, was more effective in females during their follicular phase than in their luteal phase or in males.
Cocaine vs. water and cocaine vs. SACC deliveries × unit price (responses per mg) Figure 3 describes the interaction of cocaine concentration, FR response requirement, and treatment with SACC in a data in a behavioral economic format whereby cocaine intake (deliveries earned) is plotted as a function of unit price (responses/mg cocaine intake). Unit price was derived from using three cocaine concentrations (0.2, 0.4, and 0.8 mg/ml) and three FR requirements (FR 2, 4, and 8) that yielded five unit prices (2.5, 5, 10, 20, and 40 responses/mg). There was a significant effect of unit price on cocaine deliveries (F 4329 = 3.7221, p < 0.05), indicating that females in the follicular phase showed elevated demand for cocaine compared with those in the luteal phase or males. Also, SACC significantly reduced the demand for cocaine (F 1, 329 = 8.1543, p < 0.05). There was a significant interaction between the SACC vs. water condition and the sex/hormonal condition (F 2329 = 6.1731, p < 0.001), indicating a greater reduction in the demand for cocaine in the follicular females vs. the luteal females or males. A three-way interaction (F 8329 = 2.089, p < 0.05) indicated that SACC treatment was more effective at reducing demand when unit prices (responses/mg) were low. Overall, this analysis confirms previous cocaine response (Fig. 1) and intake ( Fig. 2) data that optimal conditions for reducing the demand for cocaine is in follicular phase females (vs. luteal phase or males), at high drug concentrations.
Discussion
In the present study, oral cocaine self-administration was sustained in male and female rhesus monkeys during daily 3-h sessions for 1.5 to 2 years. The monkeys had histories of chronic ethanol and PCP self-administration prior to this study. While the duration of cocaine exposure was longer in the present study than in previous iv drug studies (e.g., Cooper et al. 2013) , results were similar to those obtained during shorter periods in monkeys using oral (Meisch et al., 1990) or iv (Cooper et al. 2013; Mello et al. 2007 ) routes. Sex differences were found in cocaine intake, and cocaine intake varied by phase of the menstrual cycle in females. Cocaine was reduced when concurrent SACC (vs. water) was available, and that varied with sex and menstrual cycle phase. Overall, the results indicated that (1) cocaine intake (ml) was higher in females than males and higher during the follicular than the luteal phase of the menstrual cycle and (2) SACC reduced cocaine intake (mg/kg) in males and females during both menstrual phases. (3) When FR and cocaine concentrations were varied, increased response cost (responses/mg) elevated drug seeking, and this interacted with sex, hormonal status, and the effectiveness of SACC in reducing chronic drug seeking. Thus, the present study revealed several factors: that sex, hormonal cycle phase, access to nondrug alternative rewards, and response cost (FR) are all involved in drug seeking and treatment effectiveness. The FR value did not affect drug intake, as it had previously with larger FR values (Meisch et al., 1990, Meisch and Stewart 1995) , possibly due to differences in daily food intake between studies, but it interacted with other factors in the present study. These factors are discussed in more detail below.
Sex and hormonal status influence cocaine self-administration. Females had more cocaine deliveries than males during the follicular phase of their menstrual cycle, when estrogen hypothetically peaks, than in the luteal phase when PRO peaks (Reddy, 2009; Schiller et al. 2012) . Although hormone levels were not measured, cytological data (Table 2 ) illustrated a high concordance of the predicted phase of the menstrual cycle (follicular vs. luteal) and the cytology results. The present results agree with our previous work with PCP showing that female rhesus monkeys had higher levels of PCP intake than males and with a previous study of iv cocaine self-administration in cynomologous macaques indicating higher drug intake in females than males (Mello et al. 2008) . In contrast, other hormonal studies have not shown significant differences in cocaine intake in rhesus monkeys (e.g., Cooper et al. 2013; Mello et al. 2007 ). The hormonal cycle effects found with cocaine in the present study agree with rat studies indicating that estrogen and PRO were related to cocaine-seeking behavior (e.g., Becker and Hu 2008; Becker et al. 2012 ) Anker and Carroll, 2011) .
In contrast, in a previous study of oral PCP self-administration, intake was higher in the luteal than the follicular phase of the menstrual cycle Newman et al. 2006) . This difference may have been due to different pharmacological actions of cocaine, a stimulant, vs. PCP, a dissociative anesthetic, that has sedative and dysphoric effects. For example, COC's rewarding stimulant effects seen in the follicular phase could have been counteracted by PRO's anxiolytic effects (Nyberg et al., 2004; Schneider and Popik 2007) to reduce intake during the follicular phase. In contrast, higher PCP intake in the luteal phase may have been due to alleviation of dysphoric effects of PCP by putative anxiolytic effects of PRO (Llaneza and Frye 2009; Schneider and Popik 2007) or its metabolite, allopregnanolone (ALLO) (Milivojevic et al. 2016) . Elevated PRO did not decrease cocaine selfadministration in previous studies (Mello et al. 2007; Cooper et al. 2013 ), but exogenously-administered PRO decreased cocaine self-administration in female rhesus monkeys (Mello et al. 2011) . In the present study, the effects of PRO on cocaine intake were supported by data from the monkey with endometriosis who received longterm PRO (Depo-Provera) to relieve her symptoms. Her cocaine intake remained reduced from a previous baseline for almost 2 years. Studies of subjective responses to cocaine in humans (Evans and Foltin 2010; Hudson and Stamp 2011) also support the hypothesis that PRO has therapeutic potential for reducing drug seeking in human and nonhuman primates. Nondrug alternative rewards for treatment of drug abuse. In the present study, concurrent access to SACC reduced COC administration on a chronic basis. This method of reducing drug abuse, providing a substitute, in behavioral economic terms, has been extensively examined (Carroll and Bickel 1998; Bickel et al. 1991 Bickel et al. , 2000 Carroll and Campbell 2000; Carroll et al. 2001) . In the present study, chronic, concurrent access to SACC (vs. water) reduced cocaine deliveries (mg/kg) in the follicular phase but not in the luteal phase in females or in males. These results were consistent with SACC-induced reductions in PCP self-administration that were reported in female rhesus monkeys (Cosgrove and Carroll 2003; Carroll et al. 2009b ) and reduced drug seeking in rats Cason and Grigson 2013) .
The present results with monkeys concur with a general theme of sex differences with females showing more vulnerability in drug seeking than males in various phases of addiction, and females respond more favorably to treatment for drug seeking with nondrug alternative reinforcers and pharmacological treatments. The present findings show the durability of the SACC treatment as a sustainable, nondrug reward to achieve voluntary abstinence from illicit drug use on a long-term basis in humans. However, while SACC was used in our monkey laboratory to achieve reduced drug intake (see reviews by Carroll and Lynch (2016) , Carroll and Smethells (2016) ), a healthy nondrug reward, such as social/ community reinforcement (Higgins et al. 2003 (Higgins et al. , 2008 , physical exercise (Bardo and Compton 2015; Zhou et al. 2015; Rawson et al. 2015) , or an employmentbased therapeutic workplace (e.g., Silverman et al. 2002) are suitable nondrug alternatives for application to humans.
Combining treatments is also of interest because in rat studies physical exercise reduced cocaine selfadministration more in females than males (Cosgrove and Carroll 2004) , and exercise added to medication treatments such as progesterone (Zlebnik and Carroll 2015) or atomoxetine ) to reduce drug seeking more than either treatment alone. There is support for this combination strategy in human treatment research (Stoops and Rush 2014) . Response cost (FR value; responses/mg) and treatment of drug abuse: interaction with sex, hormonal status, and concurrent access to SACC (vs. water). A consistent finding in this study was that responding for cocaine and cocaine intake (mg/kg) increased as FR values increased, indicating that higher demand for cocaine interacted with response cost (FR 8 > FR 4 > FR 2 in mg/kg intake), sex ( F > M ) , an d p ha s e of t he m e ns t r ua l c yc l e (follicular > luteal). For example, SACC (vs. water) was more effective at high unit prices (responses/mg) for reducing cocaine at a low concentration and/or high response requirement -FR). When drug-seeking behavior in the present study was translated into a behavioral economic analysis of demand (response × unit price, or responses per mg) for cocaine with concurrent water vs. SACC (Fig. 3a vs. 3b) , cocaine intake was highest for females in the follicular phase (when estrogen levels peak in humans and other primates) vs. the luteal phase or in males, and SACC reduced the demand for cocaine in females during the follicular phase and males. These demand functions were similar to those reported by Comer et al. (1994) and Carroll (1996, 1997) showing that SACC reduced the demand for smoked cocaine base when a range of FR values were used, especially when demand for drug was high. SACC also reduced motivation to seek smoked cocaine under a PR schedule .
Results of this study indicated that behavioral economic factors such as response cost and the availability of a nondrug alternative reinforcer, sex, and hormonal status are all important factors modulating cocaine seeking. These findings are consistent with previous studies, mainly in rats, showing additive vulnerability factors for enhanced drug seeking as well as better treatment outcome in reward-seeking individuals (Carroll et al. 2009b , Carroll and Lynch 2016 , Carroll and Smethells 2016 . When considering treatment outcome and sex differences, previous studies in rats and monkeys have also shown that medications (Sershen et al. 1998; Carroll et al. 2001; Campbell et al. 2002; Cosgrove and Carroll 2004) or SACC (Cosgrove et al. 2002; Cosgrove and Carroll 2003) are a more effective treatment in females than males across several different self-administered drugs and routes of self-administration. The present results suggest that PRO, which peaks during the luteal phase; SACC availability (EE); and FR requirement as drug cost (FR/mg) add to the effectiveness of addiction treatment.
Overall, these recent rat data and the current monkey results indicate that a nondrug reward (e.g., SACC, exercise) combined with a pharmacological agent (e.g., progesterone, atomoxetine) has an additive effect, and optimal behavioral economic conditions for treatment are defined. However, in the present study, a key novel aspect of the success of the combined treatments may have been the long duration of self-administration and SACC treatment. Access to SACC in the present study occurred over a year, while previous treatment studies with monkeys have lasted for days-weeks. A recent study conducted with rats and treatment with physical exercise indicated that extended treatment durations may be needed to prevent incubation of craving and relapse that can occur several weeks to months after termination of drug access, as drug cues are not always extinguished and animals move to different environments (Zlebnik and Carroll 2015) .
Limitations of the present study that may constrict interpretation of the results were that PRO was not administered or measured, but inferred from the phase of the menstrual cycle. Thus, dose-response functions were not available. Also, drug access was not suspended in order to determine whether there was incubation of craving over time or if treatment prevented the renewal of drug seeking during exposure to contextual cues after an abstinence period. Another limitation was the narrow range of response costs that was not comparable to a wider range that might have occurred with iv selfadministration (e.g., Mello et al. 2008 Mello et al. , 2011 . Finally, substitution of SACC for water during the 3-h sessions does not have translational significance for humans, as would other healthier nondrug rewards such as exercise or social contact that are difficult to administer to monkeys. However, exercise and other forms of alternative reinforcement have been extensively studied, and increasing evidence supports their value in the prevention and treatment of drug abuse and other pathological processes, especially those like addiction that involve stress (Solinas et al. 2010; Bardo and Compton 2015; Zhou et al. 2015) .
In conclusion, single-housed male and female monkeys, maintained in groups in a stable, social environment, self-administered orally delivered cocaine (0.2, 0.4, and 0.8 mg/ml) under FRs 2, 4, and 8 schedules for 3 h daily for up to 2 years. Females showed higher cocaine intake (mg/kg) in the follicular phase compared to their luteal phase and to males. Cocaine deliveries and intake (mg/kg) increased with cocaine concentration when concurrent SACC or water was available on a second drinking spout during the 3-h sessions under the same FR schedules. Concurrent SACC availability reduced cocaine deliveries and intake, especially at the higher cocaine concentrations. The results indicated that in females' cocaine was reduced both during the luteal phase (when PRO peaks) and when SACC was concurrently available, suggesting that the luteal phase of the menstrual cycle and SACC add to reduce cocaine seeking in females at the highest concentration (0.8 mg/ml).
